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Abstract
We report surface-enhanced Raman scattering (SERS) from Ag nanoparticles decorated on thin
carbon nanowalls (CNWs) grown by microwave plasma chemical vapor deposition. The Ag
morphology is controlled by exposing the CNWs to oxygen plasma and through the
electrodeposition process by varying the number of deposition cycles. The SERS substrates are
capable of detecting low concentrations of rhodamine 6G and bovine serum albumin, showing
much higher Raman enhancement than ordinary planar HOPG with Ag decoration. The major
factors contributing to this behavior include: high density of Ag nanoparticles, large surface
area, high surface roughness, and the underlying presence of vertically oriented CNWs. The
relatively simple procedure of substrate preparation and nanoparticle decoration suggests that
this is a promising approach for fabricating ultrasensitive SERS substrates for biological and
chemical detection at the single-molecule level, while also enabling the study of fundamental
SERS phenomena.
S Online supplementary data available from stacks.iop.org/Nano/22/395704/mmedia
1. Introduction
SERS is a powerful surface analysis tool that offers molecular
specificity and extraordinary sensitivity for single-molecule
detection [1, 2]. SERS can magnify weak Raman signals
by several orders of magnitude and can facilitate the specific
detection of biological and chemical materials in a non-
destructive manner. Recent progress has produced significant
interest in designing SERS substrates in order to gain
fundamental insights into this enhancement phenomenon,
and a wide range of interesting applications have been
proposed from noninvasive biological detection to single-
nucleotide identification in DNA sequencing [3]. The majority
of recent SERS work has been conducted on Ag or Au
films, lithographically patterned substrates or nanoparticle
aggregations, which facilitate large enhancements of Raman
scattering signals from labels that are in close proximity to
noble metal surfaces [4–6]. In the present work, we report a
new underlying SERS substrate, CNWs, that provides further
enhancement.
The fundamental SERS effect is believed to be caused
by the excitation of surface plasmon resonances on the
metal surface that greatly strengthen the local electric field.
To achieve ultrasensitive detection of molecules by SERS,
the substrates should possess high surface area to adsorb
molecules and should have a large density of ‘hot spots’
comprised of metal nanostructures to enhance the electric
field [7, 8]. Also, surface roughness effects, orientation
and bonding of the detecting molecule at SERS substrate,
and the immersion process significantly affect the SERS
signal. SERS-active surfaces can be produced by procedures
including electrochemical roughening of metal foils [9, 10],
nanosphere lithography followed by metal deposition [11, 12],
self-organized nanoporous templates of anodized aluminum
oxide [13, 14], and self-assembled surface nanoparticles [15].
Active surfaces allow the use of SERS in microfluidics
structures [16], time evolution studies [17] and electrochemical
SERS investigations [16]. However, most SERS substrates
used in prior work give either limited sensitivity or non-
reproducible and unstable Raman signals because of limited
and inconsistent surface area. Consequently, the need
remains for further progress in improving the sensitivity
and reproducibility of SERS substrates, and we posit that
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improvements in surface composition and morphology can
enable such advances.
Graphene, a single-atom-thick and two-dimensional
honeycomb carbon lattice has attracted great attention
because of its remarkable electronic, mechanical and thermal
properties [18a]. Prior work has demonstrated that graphene
can be used as a substrate to suppress the fluorescence
background by ∼103 times, and therefore can be used as part
of a hybrid SERS substrate to detect fluorescent molecules at
low concentrations due to its high surface area [19]. Also, few-
layer graphene can provide a useful platform for studying the
chemical enhancement in SERS because its structure can be
easily modified and controlled through physical and chemical
processes, and it can facilitate electron transfer with adsorbed
surface molecules [20]. Upon formation of a heterojunction
between graphene and noble metals, several characteristic
properties of graphene can be enhanced [21]. Similarly,
CNWs, which consist of layers of graphene, have attracted
extensive attention due to their unique morphology and
geometric shape [22]. Recently, it has been shown that CNWs
have potential application in energy storage [23], electrodes
for fuel cells [24], field emission [25], and biosensors [26],
and the room-temperature ferromagnetic properties of CNWs
suggests possible application in spintronics [27]. The large
surface area of aligned CNWs creates an ideal template for the
fabrication of other nanostructured materials [28]. Recently,
we have demonstrated that CNWs (also referred to as graphitic
petals) decorated with Au nanoparticles can act as a good
SERS substrate for detecting rhodamine 6G due to sharp
nanoscale features and the high surface area [29]. Similarly,
silver is a very good surface-active material with unique optical
properties due to their localized surface plasmon resonance and
can produce extraordinarily high Raman enhancement (∼107
times) and is a lower-cost material compared to gold. Ag
particles exhibit a surface plasmon band between ∼390 and
490 nm, depending upon the particle size, which is a spectral
regime that is distinct from that of Au (520–580 nm) [30]. The
extinction coefficient of the surface plasmon band for an Ag
particle is approximately four times as large as that for an Au
particle of the same size [31]. Also, Ag nanoparticles possess
low toxicity to human cells, antibacterial properties [32], high
thermal stability [33] and low volatility [34]. Also the work
function of Ag is 4.26 eV which is lower than those of Au
(5.1 eV) and graphene (4.4 eV) [18e]. Hence a charge transfer
process can take place in the case of a SERS substrate based
on few-layer graphene and Ag nanoparticles for fluorescence
suppression. In this regard, we have fabricated heterojunction
substrates of CNWs consisting of few-layer graphene and Ag
nanostructures with the aim of quantifying SERS behavior for
different molecules in terms of sensitivity and repeatability for
a highly fluorescent molecule (rhodamine 6G, R6G), a protein
(bovine serum albumin, BSA), and hexadecanethiol.
2. Experimental details
CNWs were grown on flat Ti-coated Si(100) substrates through
adaptation of a previously reported procedure used on carbon
fibers and Si [27, 29]. Substrates cleaned with acetone were
placed in the chamber on an Mo puck and were kept at a
height of 6 mm from the puck surface by ceramic spacers.
Uniform growth of CNWs was obtained under microwave
plasma chemical vapor deposition (MPCVD) conditions of H2
(50 sccm) and CH4 (10 sccm), as the primary feed gases, at
30 Torr total pressure and 700 W plasma power with 900 ◦C
substrate temperature. It should be noted that uniformity of
the CNW growth significantly depends on the cleanliness and
height of the ceramic spacers. We have achieved uniform
growth of CNWs on 2 × 2 cm2 substrates by placing the
substrates on freshly cleaned ceramic spacers and also we
were able to grow uniform CNWs on several substrates at
same time. An optical image of a CNW sample with uniform
growth has been included in the supporting information (S1
available at stacks.iop.org/Nano/22/395704/mmedia). CNWs
were functionalized prior to electrodeposition of Ag by oxygen
plasma treatment using inductively coupled plasma at a radio
frequency of 13.56 MHz at 50 sccm (cubic centimeter per
minute at STP) oxygen flow rate and gas pressure of 60 mTorr
for 15 s. Silver electrodeposition was performed in a
BASi Epsilon three-electrode cell stand with an Ag/AgCl
reference electrode, Pt gauge counter electrode and a metal
contact electrode connecting the CNWs and acting as the
working electrode [35]. The samples were dipped into the
silver deposition solution, which contained 1 mM AgNO3
(99%+, Sigma-Aldrich) with 0.2 M KNO3 (Sigma-Aldrich)
as the supporting electrolyte. Ag was galvanostatically
electrodeposited on CNWs by applying 500 ms pulses of
2 mA cm−2 current between the auxiliary and working
electrodes for different cycles. After Ag electrodeposition, the
samples were rinsed in DI water and allowed to air-dry.
R6G, BSA and hexadecanethiol were purchased from
Sigma-Aldrich and were used for SERS studies without further
purification. Different concentrations of R6G (10−6, 10−7 and
10−8 M) and BSA (10−3 and 10−6 M) were prepared in high-
purity water. Soaking was used to deposit the molecules on
the surface of CNWs with and without Ag decoration. The
soaking time was 30 min for all the cases. After soaking,
the samples were repeatedly rinsed with plenty of water to
remove unadsorbed molecules and were then dried for the
SERS experiments. Also, we have studied SERS properties
of Ag-coated HOPG (supporting information, S3, available
at stacks.iop.org/Nano/22/395704/mmedia) by following the
same experimental procedure of oxygen plasma treatment and
electrodeposition method as for the CNW sample.
The morphology of the carbon nanowalls was observed
using a field emission scanning electron microscope (FESEM;
Hitachi S4800) and a transmission electron microscope (TEM,
Titan 80–300 kV). Nanowall thicknesses were measured
from the TEM analysis. The XPS investigation used an
AXIS ULTRA DLD system under ultra-vacuum (<10−9 Torr)
conditions with a lateral resolution of 5 mm. Raman spectra
were collected by using the SENTERRA confocal Raman
system (Bruker Optics Inc., Billerica, MA) with a 20×
air objective at 633 nm excitation. The laser power and
accumulation time were 20 mW and 10 s at 633 nm excitation.
2
Nanotechnology 22 (2011) 395704 C S Rout et al
Figure 1. FESEM images of CNWs: (a) top and (b) cross-sectional views. (c) TEM image of the CNWs and (d) HRTEM image of a carbon
nanowall.
3. Results and discussion
Figures 1(a) and (b) show FESEM images of CNWs grown
on a Ti-coated Si(100) substrate. The typical height of the
nanowall arrays is ∼500 nm and the lateral length of the
nanowall varies between 200 and 1000 nm. The nanowall
thicknesses were in the range of 1–10 nm as measured by
cross-sectional TEM and atomic force microscopy [27, 29].
Figure 1(c) confirms that the nanowalls are very thin,
consisting of few-layer graphene. The lattice spacing from the
TEM analysis (figure 1(d)) is approximately 0.34 nm, which is
consistent with graphite (002) planes.
XPS analysis reveals the existence of C and O peaks in
the survey-scan spectrum, and peak positions are consistent
with prior literature [36]. Figure 2 shows the XPS spectrum,
highlighting the C 1s and O 1s peaks from the CNWs. The
C 1s peak can be precisely deconvoluted into three Gaussian
peaks with the main peak centered at 284.7 eV assigned to
sp2 bonds; the secondary peak at 285.2 eV corresponds to sp3
hybridization. The small amount of sp3 hybridization is likely
to occur primarily at the boundary regions of the nanowalls,
where many small twists and protuberances exist [36]. The
third peak near 291 eV is broad and corresponds to carboxylate
(O–C=C) [37] and confirms adsorbed oxygen species on
the surface of CNWs. The presence of oxygen is further
substantiated by the Gaussian fit of the O 1s peak (inset,
figure 2). Quantitative analysis of the peak intensities indicates
an atomic fraction of ∼4% oxygen atoms on the CNWs.
Figure 3 shows FESEM images of the Ag-decorated
CNWs after an increasing number of electrodeposition cycles.
For 50 cycles, a homogeneous distribution of discrete and
spherical Ag nanoparticles with diameters near 30 nm is
observed on the nanowalls with no agglomeration (figure 3(a)).
On increasing the number of electrodeposition cycles to 100,
the Ag nanoparticles grow larger, with diameters in the range
100–150 nm (figure 3(b)). Nanoparticle agglomerates were
Figure 2. XPS spectra of C 1s and O 1s (inset) collected from the
CNWs.
(This figure is in colour only in the electronic version)
observed above 200 cycles of electrodeposition, as observed
in figures 3(c) and (d).
The shapes and morphologies of nanostructured crystals
or polycrystals are strongly affected by the driving force of
crystallization and the rate of diffusion of reactants, as evident
from the electrodeposition of Ag nanoparticles at higher cycle
numbers (figures 3(c) and (d)). The branched and dendritic
Ag structures formed above 250 cycles (see supporting
information, S2, available at stacks.iop.org/Nano/22/395704/
mmedia) are believed to be caused by the preferential
growth of Ag nuclei along the energetically favorable 〈111〉
direction [38, 39]. We note that similar sharp morphological
features were not observed for Au particles in prior work
and only Au agglomerates were formed on increasing the
3
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Figure 3. FESEM images of Ag-electrodeposited CNWs for (a) 50 cycles, (b) 100 cycles, (c) 200 cycles and (d) 300 cycles.
deposition cycles [29]. During electrodeposition, a critical
surface field that is a physical constant of the surface is
achieved for the nucleation of a silver grain and eventually
forms the threefold dendrite structure with longer growth
duration. In the initial stage, the mechanism of deposition
follows reduction–nucleation growth phenomena at several
sites to form nanoparticles, where metals are discharged from
their complex under diffusion control [40]. On increasing the
growth duration, the concentration of Ag salt greatly decreases;
and during this period, the growth is mainly driven by surface
diffusion and thus dendrite morphology is favored [39]. The
SEM images taken from the Ag-decorated CNWs at 250 cycles
(S2(a) and (b) available at stacks.iop.org/Nano/22/395704/
mmedia) confirm that the Ag dendrite formation follows
diffusion-limited aggregation [38]. In the diffusion-limited
aggregation regime, growth takes place by the bonding of
individual atoms to the substrate (CNWs) after the reduction of
the metal ions. After reaching a certain grain size, the growth
of the original grain begins to slow, and new grains nucleate
from the parent grains. This process of grain size saturation
and nucleation can then repeat to form higher-dimensional
dendritic structures. The absence of Au dendrite formation
under similar experimental conditions might be due to slow
surface diffusion, which is strongly dependent on the bond
energies of Au–C and Au–Au interactions [41].
Figure 4 shows Raman spectra of bare and Ag-decorated
nanowalls. The Raman peaks obtained for the CNWs are in
good agreement with Raman spectra of few-layer graphene
and CNWs in prior literature (figure 4(a)) [22, 42, 43]. The
so-called disorder-induced D band appears near 1340 cm−1,
and the tangential mode G is at 1580 cm−1. The second-
order 2D, D + G and 2D′ bands appear at 2665, 2928 and
3242 cm−1 respectively. Also, a weak band corresponding
to D′ is observed at 1618 cm−1, indicating disorder in the
CNWs [29]. The D band is due to the presence of defects such
as distortion, vacancies and strain in graphitic networks due
Figure 4. Raman spectra of (a) CNWs and (b) Ag nanoparticles
decorated CNWs.
to the finite crystallite size and is associated with transverse
optical (TO) vibrations near the K point [22]. The 2D band
is the result of second-order Raman scattering involving TO
phonons near the K point. The ID/IG and IG/I2D ratios are
0.48 and 1.7 respectively, which are nearly same as those
reported for similar few-layer graphene [44, 45]. The majority
of nanowalls here are expected to contain at least five layers
since the intensity of the 2D mode is lower than that of the G
band [42]. Kurita et al observed that the ID/IG ratio strongly
depends on the length of the CNWs (LW) and decreases
linearly with increasing LW [46]. They confirmed that CNWs
with a narrower G band consist of small grain graphite-like
carbon with high degree of graphitization. Since the CNWs
grown by us show a similar Raman spectrum with a narrower
4
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Figure 5. Raman spectra of 10−7 M R6G on (a) CNWs, (b) Ag
deposited HOPG. Raman spectra of (c) 10−6 M, (d) 10−7 M and
(e) 10−8 M R6G on Ag-decorated CNWs.
full width of half-maximum of the ‘G’ band (∼35 cm−1),
our CNWs are the types of graphite-like carbon consisting
of small crystallites with a higher degree of graphitization.
Upon Ag deposition, the relative intensities of the D and G
bands change to produce an ID/IG ratio of 0.82. Also, we
observe a Raman band shift toward lower wavelengths upon
Ag decoration, but the shift is less than that observed for Au-
decorated CNWs. A possible explanation for this behavior
relates to the strengthening of the C–C bond because of the
additional electron density provided by nanoparticles [45].
The ID/IG ratio of Au-decorated CNWs was ∼1.01, which
confirms the formation of a lower number of defective sites
in the case of Ag-decorated CNWs [29].
We have selected the R6G molecule for SERS studies,
since it is a strongly fluorescent xanthene derivative. R6G
is a yellowish heterocyclic compound and shows a molecular
resonance Raman effect when excited into its visible
absorption band [47, 48]. We have recorded Raman spectra
of R6G molecules on CNWs, and Ag deposited on HOPG and
nanowalls following the procedure documented in section 2.
We did not observe any significant change in the Raman spectra
of bare CNWs after R6G adsorption (figure 5(a)), whereas a
broad Raman peak was observed in the case of Ag-decorated
HOPG (figure 5(a)). Figures 5(c)–(e) contain a series of
Raman spectra of varying R6G concentrations (10−6, 10−7 and
10−8 M) on Ag-decorated CNWs. At lower concentrations,
relatively intense SERS peaks were observed as compared to
those for the more highly concentrated R6G solutions.
The SERS results confirm that Ag-decorated nanowalls
create a hybrid SERS substrate for detecting R6G as low as
10−8 M, a level that is difficult to detect through conventional
Raman spectroscopy. We have observed highly surface-
enhanced and reproducible peaks of R6G molecules from the
Ag-decorated nanowalls at several positions on the sample
and on different samples. Hence, this result indicates strong
quenching of the R6G fluorescence by the Ag nanoparticles on
the nanowall backing. The assignment of the obtained SERS
Table 1. Tentative assignment of peaks from the SERS spectra of




(cm−1) ([47, 51]) Assignment
608 614 C–C–C ring, in-plane bend
770 774 C–H, out-of-plane bend
1122 1128 C–H, in-plane bend
1182 1183 C–C stretching
1302 1310 Aromatic C–C stretching
1360 1362 C–N stretching
1505 1508 Aromatic C–C stretching
1582 1574 Aromatic C–C stretching
1651 1650 Aromatic C–C stretching
peaks of R6G molecules on Ag-decorated nanowalls is shown
in table 1. The band near 770 cm−1 corresponds to out-of-
plane bending of hydrogen atoms from the xanthene skeleton,
whereas the band near 608 cm−1 is due to plane bending of the
C–C–C ring [48, 49]. The peak at 1122 cm−1 is associated with
C–H in-plane bending, and the peak at 1176 cm−1 is due to C–
C stretching. The peaks at 1302, 1505, 1582 and 1651 cm−1
correspond to aromatic stretching vibrations [3, 48]. We
observed a red shift for most Raman peaks (except the peaks
at 1182, 1302 and 1360 cm−1) as compared to the Au-
decorated CNW case. The shift in the peak positions is caused
by different surface roughness of the SERS substrate, and
the roughened surface significantly affects C–H vibrations as
compared to C–C stretching modes [50]. Also, the intensities
of the Raman peaks obtained were ∼3 times higher in the case
of Ag-decorated CNWs compared to Au-decorated nanowalls.
The enhancement can be attributed as due to higher optical
fields created near the Ag surface as compared to the Au case.
Raman mapping of the SERS signal of R6G molecules on
Ag-decorated CNWs (S4 available at stacks.iop.org/Nano/22/
395704/mmedia) and HOPG (S5 available at stacks.iop.org/
Nano/22/395704/mmedia) illustrates the uniformity of good
SERS performance over the CNW substrate.
To demonstrate the broader applicability for sensitive
detection using the Ag-decorated CNWs, we measured
the Raman spectra of two other kinds of molecules: 1-
hexadecanethiol and BSA. Alkanethiols are sensitive probes
for comparing the effect of surface roughness on the bonding
and ordering of a SERS-active substrate. SERS of alkanethiols
can identify changes in the sulfur head group, carbon backbone
conformations, and orientation of the methylene and methyl
groups [51]. We have chosen 1-hexadecanethiol, a long-chain
alkanethiol, for this purpose. The SERS spectra obtained for
on Ag-decorated nanowalls and HOPG are shown in figure 6.
Multiple SERS spectra for 1-hexadecanethiol were obtained
with Ag-decorated nanowalls with high reproducibility and in
close agreement with prior SERS reports [50]. In the case
of Ag-decorated HOPG, a broad, featureless Raman band was
observed, suggesting that the nanowall structure plays a crucial
role in SERS detection (figure 6(b)). The band near 500–
750 cm−1 corresponds to the C–S stretching vibration and
is sensitive to the conformation, gauche or trans, of the two
adjacent carbon atoms. The peak at 654 cm−1 is assigned
to a gauche conformation, and the peak at 743 cm−1 is due
5
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Figure 6. Raman spectra of 1-hexadecanethiol on
Ag-electrodeposited (a) CNWs and (b) HOPG.
Table 2. Tentative assignment of peaks from the SERS spectra of





518 520–650 C–S stretching
654 655 C–Sgauche stretching
699 705 CH2 rocking
743 744 C–Strans stretching
891 891 CH3 rocking
1059 1058 C–Cgauche stretching
1096 1096 C–Ctrans stretching
1123 1127 C–Ctrans stretching
1294 1296 C–Htrans stretching
1439 1440 C–Htrans stretching
2571 2570 S–H stretching
2721 2719 S–H stretching
2846 2842 C–Htrans stretching
2881 2876 C–Htrans stretching
to a trans conformation. In the case of Ag-decorated HOPG
the C–S stretching vibration peaks were observed at 518 and
621 cm−1. The peaks at 699 and 891 cm−1 reflect CH2 and
CH3 rocking vibrations respectively [52]. The bands 1000–
1200 cm−1 and 2750–3050 cm−1 correspond to C–C and
C–H stretching vibrations [50]. A high-intensity peak near
2881 cm−1 is proposed to be due to a methyl vibration in Fermi
resonance with the overtone of the ‘C–H’ bending vibration at
∼1450 cm−1. The peaks at 2571 and 2721 cm−1 are due to the
S–H vibrations. The assignment of the peaks obtained for on
Ag-decorated nanowalls is shown in table 2.
The next tested species, BSA, is an abundant water-
soluble protein that protects cellular embryos and promotes
cell reproduction. The Raman spectra of BSA on our
SERS substrates are similar to those from previous SERS
studies [53], though some new peak positions and differences
in relative intensities are observed. Figure 7 shows the Raman
spectra of BSA on Ag-decorated HOPG and CNWs. Only
Figure 7. Raman spectra of (a) 10−3 M BSA on Ag deposited
HOPG, and (b) 10−6 M and (c) 10−3 M BSA on Ag-decorated
CNWs.
Table 3. Tentative assignment of peaks from the SERS spectra of







670 667 C–S vibration
755 750 Tryptophan
846 852 Tyrosine
910 903 C–C vibration
960 960 C–C vibration
999 1004 Phenylalanine (aromatic ring)
1124 1128 C–N vibration
1156 1159 C–N vibration
1215 1207 Amide III





1644 1649 Amide I
Raman peaks of graphite are apparent in the case of Ag-
decorated HOPG, whereas enhanced Raman peaks of BSA
adsorbed on Ag-decorated nanowalls are clearly visible at a
concentration of 10−3 M, which is a common concentration
for the SERS enhancement [53]. We did not observe enhanced
BSA peaks at concentrations below 10−3 M (figure 7(b)).
The peak assignments for the adsorbed BSA on Ag-decorated
nanowalls are shown in table 3. According to previous Raman
scattering studies of BSA [53], peaks at 610, 621 and 999 cm−1
derive from the phenyl ring, 670 cm−1 to the C–S bond,
846 cm−1 to tyrosine, those at 910 and 960 cm−1 to C–C, 1124
and 1156 cm−1 to C–N, 1215 and 1278 cm−1 to amide III,
1330, 1380 and 1440 cm−1 to CH2 vibrations and 1644 cm−1 to
amide I. Notably, the D band of the graphite nanowalls overlaps
with the CH2 vibration arising due to the aliphatic side chains,
and the G band from the nanowalls is distinct.
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These results demonstrate that Ag-decorated CNWs
are widely applicable as SERS substrates for identifying
a diverse set of molecules. The substrates exhibit much
stronger enhancement than ordinary planar substrates with
Ag nanoparticles. We have confirmed the SERS effect on
several nanowall samples decorated with Ag nanoparticles
and observed high reproducibility and stability. Similar
Raman signals were obtained from the SERS substrates
even after several weeks. SERS signals of 10−8 M R6G
obtained from two sets of Ag-decorated CNWs after 12 and
24 weeks (S6 available at stacks.iop.org/Nano/22/395704/
mmedia) show similar Raman signals, with retention of
all main R6G peaks though with some changes in relative
intensities; this result indicates reasonably good long-term
stability and reproducibility. We observed no structural and
morphological distortion of the CNW arrays after several
repeated measurements, due to better adhesion of the nanowall
arrays to the substrate. We observed similar SERS spectra of
R6G, BSA and 1-hexadecanethiol for different metal particle
morphologies ranging from isolated nanoparticles to dendrites
consisting of coalesced nanoparticles. Also, the observed
SERS signals were uniform over a large area of the samples.
There are two major mechanisms believed to be important
in the enhancement of the Raman signal: an electromagnetic
effect associated with large fields due to plasmon resonance
occurring in the microstructures on the metal surface, and
a chemical effect involving a scattering process associated
with chemical interactions between the molecule and the
SERS substrate. The electromagnetic effect is known to be
a few orders of magnitude greater than that due to the charge
transfer involving chemical effects [1, 5]. The electromagnetic
mechanism is based upon the optical properties of the noble
metals and their ability to support plasmon resonances at
visible wavelengths. Resonant excitation of surface plasmons
creates an enhanced surface field (Es) at both incoming and
outgoing frequencies, resulting in an enhancement of the
Raman signal that roughly scales as E4s [5, 54]. Also, Es is
equal to sum of the electromagnetic field on the analyte in
the absence of any roughness features and the electromagnetic
field emitted from the particulate metal roughness features.
In our case, both mechanisms are expected to enhance
SERS signals from substrates based on Ag and CNWs
because Ag nanostructures are known to exhibit plasmon
resonance, whereas few-layer graphene promotes the chemical
enhancement mechanism for SERS, which has been observed
recently [20, 55]. The absence of SERS signal from the
bare CNWs suggests that the electromagnetic effect of the
surface plasmons at the Ag nanoparticle surface may be
dominant in the present study. However, the CNWs provide a
three-dimensional support to the Ag nanoparticles, increasing
exposure of the detecting molecules from all the directions.
Both the size and shape of the nanoparticles greatly enhance
the SERS properties because these factors influence the ratio
of adsorption and scattering events, and this effect is more
significant when the particle sizes are in the nanometer
scale regime [56]. Since the sizes of the Ag crystals on
electrodeposited HOPG substrates (∼0.5–1 mm) are much
larger than those of the Ag nanoparticles grown on CNWs, we
did not observe any SERS signal from the Ag/HOPG substrate.
The density of Ag nanoparticle decoration, high surface
roughness, high surface area and three-dimensional structure of
the CNWs appear to be the major reasons underlying the ultra-
high enhancement as compared to Ag-decorated HOPG. From
FESEM analysis, the density of Ag nanoparticles decoration
per unit base area on the CNWs is ∼103 µm−2 and is ∼102
times higher compared to the HOPG one.
4. Conclusion
In conclusion, we report a facile and versatile substrate for
surface-enhanced Raman spectroscopy with highly sensitive
detection. Advantages of this substrate include its ease
of fabrication over an area of several square centimeters
without the need for advanced microscale processes such as
lithography. Further improvement and optimization of this
system could produce superior performance as compared to
those of planar SERS substrates due to the unique combination
of 0D (nanoparticle) and 2D (graphene) base materials.
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